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Background o f the Invention 

1. Field of the Invention 


metal ion concentration. 



2. Background Art 

Although many analytical methods exist tor the quantitative analysis of metals, none 
utilize fluorescence polarization > amsotropy Present analytical methods include graphite 
5 fumace atomic absorption spectroscopy, inductively coupled plasma atomic emission 

spectroscopy mass spectroscopy and numerous electrochemical and luminescence techniques, 
including phosphorescence, chemiluminescence and fluorescence. Common to all these n\c:hod> 
are requirements for complex, expensive, sizable and fragile instrumentation; skilled operators: 
and elaborate experimental and separation procedures to achieve acceptable precision and 
10 accuracy. 

At present, one skilled in the art would not find it obvious to utilize fluorescence 
polarization anisotropv '> for the quantitative analysis of metal ions in solution. It is well known 
m the art that most metal ions are not photoiummescent m solution. Even it we consider 

15 transition metal ions which have weak absorption bands m the uv/ visible/near IR; the excitation 

of these metal ions with plane polarized light general!)' effects only depolarized fluorescence due 
to the radial symmetry of the absorbing species. Alternatively, if an indirect approach is used 
wherein the binding of a metal ion to a metallo-fluorescen: indicator is monitored, one also rinds 
bide or no chance in fl 1 lorescence no' ir:/a r ion am>om vw c as them is no chance in the 

: ■ rotational motion of the fluorescent indicator m response to the binding of a metal urn. riven it 
the binding of the metal ion perturbs the fluorescence lifetime of the metal-free fluorescent 
indicator, the rotational motion of the indicator will probably be sufficiently rapid in comparison 



present or not. resulting m an imperceptible change in rlnoreseence polarization. These 
representative and other difficulties have prevented the application of fluorescence polarization 
tanisotropv) to metal ion analysis in aqueous solutions. 

5 The present invention extends for the first time the use or fluorescence polarization 

lunisotropyj for the detection and quantitative analysis of metal ions in aqueous solutions. This 
invention comes more than twenty-five years after the first application of fluorescence 
polarization (amsotropy) to the detection and quantitation of fluorescent labeled haptens and 
antigens with suitable antibodies. The present invention is not constrained by immunoassay 

1 0 reaction kinetics between labeled and unianeied antigen or hapten but is simply predicated on the 
use of a photoluminescent indicator that will emit polarized light in a measurably different 
manner on the formation of a macromolecule-metal ion complex. A complex which in the 
preferred embodiments relies on either the metal dependent binding of a photoluminescent 
indicator to a macromoleeule, or the binding of a metal ;on to a macromoiecule that has 

15 previously been labeled with a photoluminescent label. Additionally, the present invention is not 

constrained by the difficulties in raising antibodies to metal ions in solution. 

3. Fluorescence Rased Methods of Analysis 

1 1 Assays for chemical entities based on changes m f uorescence intensity are well known. 
Ifliman et al. { 19$ 1 i iLYS. Patent No. 4.2bi.9bS) discloses a proximity-dependent quenching 
homogeneous immunoassav wherein a fluorescent-labeled antibody is brought in contact with a 
sample containing a hgand 'antigen or hapten ■ and a quencher-labeled ligarid; the free ligand i of 



unknot n concentration i and the uaencherdabele d lie an a of known concentration : con] pete fo; 
the same antibodv binding site. Quenching of the label's fluore scene e emission is inversely 
proportional to the unlabeled antigen concentration, and serves as the measurement variable tor 
determinate the concentration of free haami. Key to this method is me use or a iigand 
5 comprising two chromophores. termed a fluorescer-quencher pair with non-polymeric ligamN 

heme in the molecular weight ranee of Ida" to 2.000. weh above the atomic weights of most 
metal ions of interest. In relation to the present invention. L'liman does not teach the analysis o 
free metal ions m solution, or the use of polarization ianisotropyi as the measurement variable. 

0 Numerous fluo rumen ic met hods for the analysis of metal ions m solution are known am 

vary primarily in terms of signal transduction. Metal ion concentrations may be transduced as 
changes in fluorescence intensity or as changes in the ratios of fluorescence intensities at two 
different wavelengths, or as changes m fluorescence lifetimes. Although, lifetime and 
rmiometric methods are qualitatively similar with respect to their freedom from spurious 
5 variations in fluorescence intensity, the physical measurement of fluorescence lifetime is costlie; 

and techmcallv more difficult than a simple intensity measurement, especially m the context of 
imaemc applications. Regardless of these drawbacks, lifetime analysts has been preferred for 
reasons that include its broad d\ mimic test range in sample concentrations which may exc:v ; 

m > - , mie some " , -e- < p ;. • :i - 1 f K 1 I - • / - odo Vpi ' Che — 

65. \^<-\h^d. Thompson. R.B. and M.W. Patchan • 1993 m Pnn\ og .Via SPIE Ct»i;\'rer.cc 
C ; aamead Bit >a/:arpmm L mJ EnvimruKt/nu:! Either Or::c Sfns^rs \ '. R.A. Laeberman (Ed.) 
Beihnaham, Washington, pp d°u-e0^. Lifetime-based analysis aNo minimizes errors associate, 
with optics, fluorophore concentratam and detector sensitivitv 



U.S. Patent 4. 762. 799 i 1988) to Seitz et ah which discloses an lonophore-based cation 
detection system wherein the concentration of selected alkali metal ions in an aqueous 
sample mav be determined b\ detecting the Putrescence emission of a fluorescent 
anionic material. 

I" S. Patent 5. 1 54.S90 1 991 ; to Muuze and Rapp which di>c loses a homogeneous 
method for detecting the concentration of potassium ions in solution where the ion 
concentration is made proportional to an increase in fluorescence intensity on the 
formation of a complex comprising a tluorophore labeled molecule which selective!} 
binds potassium ions. 

L'.S. Patent 5.516.864 i 199b' to kuhn and Haugland which in part discloses the use of 
xanthylium-based dves with metal -binding N.N -diaryldiaza crown ethers, the best known 
class of lonophores. for the deteeoon of a! kali -metal ion:, in aqueous solution u> 
measuring spectral c nances m the fluoresce nee emission of an indicating dye. 


These intensity based methods, however, are all sensitive to artifacts, as any change in 
fluorescence inteiisitv, regardless of its oriein ma\' be misinterpreted as a change in 
concentration. Changes in light scattering, or variations in excitation light intensity and or 
photobleaching may easilv be misinterpreted as a change in the concentration of the metal ion. 
Although the accuracv and precision of these methods may be improved through the use of 
internal fluorescent standards, or with the monitoring of excitation intensity or with the use of 
^ : ~": t, : method- of -r^l\ eyeful .a;d even re pe ate a calibration ot reagents and instrumentation 
arc requu ed to immmi/e spui ions \ .u'latauis m signal uncus: 1} . 


Recognizing these limitations. Tsien and other researchers developed indicators whose 
fluorescent properties such as excitation or emission maxima, shifted m conjunctival with the 
bindinc of anal\te, permitting concentration to ^e described not in terms of absolute fluore-conce 



mtersdv but rather in terms of a ratio of fluorescence intensities at different wavelengths ■. Tsiero 
R.Y. i 19S9i Armu. Rev. Neurosci. 12. 22^-253.; Thompson. R.B. and E.R. Jones < 1995) Anal. 
Cheni. 65. "30-^34 >. Although ratiomctric approaches minimize or avoid the artifacts associated 
vvith sample mtensitv measurements, its application has been restricted by the limited number oi 
suitable commercially available Fluoresce::: indicators. 

Other researchers have shown that analyte concentration may be made proportional to 
changes in the fluorescence lifetime of a suitable indicator (Demas, J.N. and B.A. DeGraff 
t 1994) in Topics in Fluorescence Spectroscopy. Vol. 4: Probe Design and Chemical Sensing, 
J R. Lakowicz ( Ed. i Plenum Press, NY., pp." 7 1-105; Lakowicz, J.R., H. Szmacmski and M. 
Karakelle i. 1993 » Anal. Chim. Acta 272. P9-186; Lippitsch, M.E., J. Pusterhofer, MJ.P. Lemer 
and O.S. Wolfbeis ( 1 9 S 8 ) Anal. Chim. Acta 205. 1-6; Thompson and Patchan ( 1993); 
Thompson. R.B. and M.YV. Patchan ■> 1904, Anal. Biechem. 227. 123-1:8 . Consider. U.S. 
Pa r ent 5.4o4.5s" \ 19°5 \ to Lippitsch et al. which teaches the use of fluorescence decay time as 
toe measurement variable for determinine the act; vitv of alkali metal ions in solution. Similarly. 
I'.S. Patent 5.545,517" i 190(3- to Thompson and Jones discloses a process for detecting metal ion> 
in solution by measurement of changes m either the fluorescence litetime or the ratio or 
tluorescer.ee peak intensities 7 u .e — -x:;-- mve*'d'^ r t : mdrd: d. fho-^e dCsvddz^d ov Lippiis^u 

measurement \ar;able and nod the use of f aorescence htcdide or ratios o: intensities at d;:;ere;d 
wavelengths. Further, although the chances m fluorescence emission noted by Thompson and 
Jones . ldd M( a:v significant, optimallv a beam! whose lifetime decreases > unlike dansylamide ) 
with bind; net to the metal lo-enzvrne complex would be p ret erred vv hen am s of ropy is measured. 


The use or fluorescence polarization lanisotropvi :o detect small molecules or dru^s of 
abuse and therapeutics is well known (DanJliker. W.B.. R.J. Kelly. J. Dandhker, J. Farquhar and 
J. Levin < 1973) Immunochem. 10. 219-2:7). These early assays exploited the fact that small 
Huorescent molecules will rotate rapidly and exhibit low polarization, whereas larse molecules 
will rotate more slowly and exhibit high polarization. Consider a small fluorescent labeled 
antigen ( molecular weight < 1000 dakons) unbound and in solution that has been excited with 
polarized light. It is likely that the excited fluorescent labeled antigen will rotate as the result of 
Brownian movement prior to emission because the rate of emission ( -10' see" 1 ) is slower than the 
antigen's rotational rate (-10 :0 sec 1 ). In turn, the change in rotation will effect the relative 
orientations of the absorption and emission dipoles of the fluorescent-labeled antigen, causing 
the emitted light to be depolarized. Conversely, if the fluorescent-labeled antigen was first 
bound by a much larger protein (e.g.. an immunoglobulin (TgG) or enzyme) with a molecular 
weight on the order of 150,000 daltons. and then excited; its rotational rate will now largely 
reflect that of the slower moving larger molecule f -10'see" 1 ). and its fluorescence will hkelv be 

— : ~ J vP--— M:oro-ce;:cc poia;;z^;.on competition assay, a known amount of 
tiuorescent-labeled antigen and antibody are combined with a sample containing a quantity of 
unlabeled antigen whose concentration is unknown. The competition of the labeled and 

- - - — • — — c : ^ :"e:.j^;^d m tr.c mcasniL j I iuui essence polarization u men 

occupancy or these sites u ill be inversely proportional to the concentration of the unlabeled 
antigen present in the sample. In contrast to this assay format, one aspect of the present 
invention demonstrates tor the first time the detection and quantitation of metal ions in solution 
oy a homogeneous fluorescence polarization umisotropyi assav that is based on proximity 



dependent quenching mechanisms and not -imply to .1 change m the rotational correlation time of 
the fluorophore. 

U.S. Patents 5.405.850 and 5.5 I5.S64 > I996< to Zuckerman disclose the detection of 
5 oxygen by fluorescence polarization . umsotropy ). In the methods described by Zuckerman. the 

lifetime of a tluorescent probe substance is quenched by molecular oxvgen. the concentration of 
which is determined by measuring the fluorescence anisotropy of the probe. The quenching of 
the lifetime of the fluorescent probe results from the collision of the probe with, oxygen, a well 
known quencher of fluorescence and phosphorescence. This process is sometimes referred to as 
0 colhsionai quenching and is usually interpreted in terms of the formation of a charge-transfer 
complex upon the collision of oxygen and the excited fluorophore (Lakowicz, J.R. (1983 ) 
Principles of Fluorescence Spec:msc()py, New York. Plenum Press). The collisional quench 
mechan^m disclosed in the Zuckerman patents differs from the proximity dependent quench 
mechanisms of the present invention as it depends on a dynamic event involving the collision 

Summary of the Invention 

1 amsotrop> 1 assavs for determining and quantifying metal ions in solution. I:: the preferred 
embodiments, the selective metal ion binding ot macromolecules such as human carbonic 
anhydrasc II variants iCA Ik are used to effect proximity dependent quenching of fluorescence 
with the bmdme of a metal ion to a ""metal free" macromolecule. Further, this chance is 


transduced by measuring fluorescence anisotropy which in turn is related to the concentration of 
the metal ion in solution. In all preferred embodiments, the changes in amsotropv can be simply 
related to the metal ion concentration of the solution. In the preferred embodiments, two 
methods are used to exploit the selectivity, affinity and flexibility of CA II in detecting metal ions 
5 m solution. 

The first method relies upon metal-dependent binding of a fluorescent ligand to a 

macromoiecule to effect a measurable change in the ligand's amsotropv. Binding of the ligand to 

the macromoiecule is metal dependent with the change in anisotropy being proportional to the 

concentration of bound metal ions. No binding of the ligand to the macromoiecule was found in 

10 the absence of metal ions. It is not necessary for the ligand to bind or coordinate to the metal and 

it also not necessary for the ligand to inhibit the activity of the macromoiecule. This method of 

the invention has the steps of: 

( 1 ) disposing, in an aqueous solution containing a target metal ion species, a 

macromoiecule for selective complexation with the target metal ion species; the 
5 macromoiecule being able to reversibly bind the target metal ion species, resultmc 

in the formation of a macromolecule-metai ion complex; 

id) disposing a fluorescent ligand species in the aqueous solution, wherein the 
fluorescent ligand reversibly binds to the macromolecule-metal ion complex; 

0 

(3» irradiating with plane polarized light, the fluorescent ligand species emimm: 
polarized light in a measurably different manner when bound to the 
I n li ^ ; u ii i v i c -L- ui c - i 1 1 e t a i iu i i v_ v — * l l "i p i e x . 

1 ■ + 1 : i a >n ; loi ing iiie e i m s s , . • ; % ; t ? l l . . o i i uorc ^ ccn I ; ; c a n u species l\ * u c t c c t c i u i u c. c s , u ; ; . c 
vector components of the fluorescence emsission parallel <I > and perpendicular 
( Lj to the plane of polarization of the exciting light; 

amg the fluorescence anisotropy from the vector components; 


1 O 1 L ^ i 


relating the degree of anisotropy to the fraction of macromolecule-metai ion 
complexes, and to the binding affinity of said macromoiecule. therebv 
determining metal ion concentration. 


In the second meih^J. a fluorescent label :s fir-t conjugated to the macromolecule which 

in turn is used to transduce the binding of metal ions, wherein the eovaiently bound fluorescent 

label exhibits changes in anisotropy proportional to the concentration of bound metal ions. This 

method or" the invention has the steps of: 

i 1 > disposing, in an aqueous solution containing a target metal ion species, a 

macromolecule havmg a fluorescent label eovaiently attached: wherein the target 
metal ion species reversibiv binds to the labeled macro molecule forming a 
macro>mo!ecuIe-metul ion complex; 

idi irradiating with plane polarized light, the fluorescent label emitting polarized light 
in a measurably different manner "w ith the formation of a macromolecule -metal 
ion complex : 

i3) monitoring the emission of the fluorescent label rn detect changes m the vector 
components parallel (I > and perpendicular to the plane of polarization of the 
exciting light; 

( 4 ) calculating the fi u o re s c e nc e an i s o t rop y fro m t he ve c to r c o m p o n e n t s ; 

16) relating the degree of anisotropy to the fraction of macromoiecule-metai ion 
complexes, and to the binding affinity of said macromolecule. thereby 
determining metal ion concentration 

The present invention minimizes problems common to methods based on simple 

fluorescence intensity measurements such as light scattering, photobleachmg and variations in 

label concentrations, as anisotropv measurements axe essentially independent of signal level. 

Further, the present invention is a homogeneous method, requiring no separation of assav 

components prior to the measurement of anisotropy As a homogeneous method, there is no 

separation of free label from bound label w h:ch not only eliminates a separation step, but also 

minimizes the errors associated w ith the additional sample mmdlmg and testing that are required 


Fi: 



an inexpensive and practical alternative for the quantitation of metal ions in solution in terms of 
not only instrument requirements but operator skill as well. The present ratiometnc method is 
based on fluorescence polarization (anisotropy). It :s essentially independent of total signal 
intensity and may easily be configured into buttery operated devices with enough russedness to 
permit portability and field use given the numerous applications for metal ion analvsis in 
environmental monitoring, industrial hygiene, and wastewater treatment. The homogeneous 
assay format ot the present invention provides a response time that is limited only by the kinetics 
of the binding reaction, eliminating the need to consider equilibrium conditions for analvsis. 


Brief Description of the Drawings 

Figure 1 Simulated anisotropy of a macromolecule-bound fluorophore partial Iv quenched 

by a metal ion. A macromolectile having a rotational correlation time cj). - 15 

msec with a tightly bound bluorescent label having a lifetime 7=15 nsec 

re". e:on"vy o:;;c> a metai ion wn.cn quencnes Lie label emission bv 25T: » — o 5 ' 

(Oi. Ty.r (■), or 90 c 7- i A). The fluorescence anisotropy is depicted as a function 

or the logarithm of the metal ion concentration, expressed as the ratio of the metal 
ion concentration to Kf. 


Figure 2 Selectivity, sensitivity of transducer molecules. Binding constants for divalent 

metal ions are depicted for the metal!o-f uorescen: indicators Fara-2 and BTC-5N. 
u - : >'F C human carbonic ar.hydrase II. and the chelator, nitrf otriacetic acid at pH 
> *° Also depicted are the selectivity coefficients fordo, alent cations and Na" 

! ! 



tor a cadmium-selective electrode. Fura-2 and BTCoX are commerc laiiv 
available from Molecular Probes, Eugene, OR. 

Figure 3 Transduction scheme for anisotropic metal ion detection based on fluorescence 
energy transfer or other proximity quenching mechanism. 

Figure 4 Transduction scheme for anisotropic metal ion detection using a photoluminescen 
ligand is depicted. 


10 Figure 5 The relative fluorescence intensities and the anisotropics at 480 nm for a 5 uM 
concentration of the conjugated CA II variant apo-L 1 98C-SBF as a function of 
Zni'II) concentration. 


Figure 6 The relative fluorescence intensities and the anisotropics at 4?0 nm for a 500 nM 

concentration of me -mugged CA II variant ap<-Y I 4?C-dar. syi acmdme as a 
function of Cui 11 1 concentration. 

Figure 7 i ne relative rluorescence intensities and the anisotropics for aro-Ho4C-ABD-F as 

a :u::ctiOi= m / .. m ■ cor.eemraLion. 


Figure 8 The relative fluorescence intensities and the anisotropics for ABD-F:p- 
Mercaptoethanol Adduct and wild type apo-H^4C as a function of Zm IF 
concentration. 


Figure 9 The fluorescence anisotropy of 1 uM fluorescent ligund as a function of Zm II i 

concentration in the absence and presence of I uM apo-CA II. 

Detailed Description of the Invention 

1. Definitions 

For convenience, the meaning of certain terms and phrases employed in trie specificapo 
examples and appended claims arc provided beluw. 

"Ligand" broadly refers to molecules capable of binding to a macromolecule under 
certain conditions, such as in the presence of a metal ion bound to the same macromolecule. 
Such, a ligand may be fluorescent and, or i: may be an inhibitor of the macromolecule if the 
macromolecule is an enzvme. 

"Macromolecule" as used herein, is meant to refer to a composition, which has a 
mo 1 e c u 1 ar we i g h t of m o re t h an 5 k D . M aero molecules can he polypeptides, p ro t e : n s . cue! e : c 
acids, polysaccharides, carhohvdratev lipids or other or came (carbon containing^ or inorganic 
molecules. 

"Photoluminescence" refers :o a pa of a group of processes w herebv a material is excited 
b\ radiation such as lichv raised to an exeved electronic or vippmpc state, and subsec uentiv re- 
emits that excitation enercv as a photon of debt. These processes include fluorescence, which 



denotes emission accompan vmg descent from an excited state w : t h paired electrons ia "simeriet" 
state* or unpaired electrons (a '■triplet" state) to a lower state with the same multiplicity; a 
cpuantum-mechamcallv "allowed" transition. Photolammescence also includes phosphorescence, 
which denotes emission accompanying descent trom an excited triplet or singlet state to a lower 
5 ^ ; a t e o f d i f fe re n t m u 1 1 i p 1 1 c 1 1 y ; a q u a n t u m me c h a n i c a i 1 y " r o r b l dde n " t ran s 1 1 1 o n . Co. m p are d t o 

"allowed" transitions, •'forbidden" transitions are associated with relatively longer excited state 
lifetimes. Additionally, photoluminescent processes include emission from metal to ligund 
charge transfer excited states; the multiplicity of which us ili-defined or unknown. However, for 
all these photoluminescent processes polarization i amsotropy > measurements are well known in 
10 the art iLakowicz ( !983> and Eads. T.M.. D.D. Thomas and R.H. Austin < 19S4". J. Mol. Biol. 

179. 55-81 ). Thus we construe measurements of photoluminescence amsotropy described herein 
specifically to include measurements of phosphorescence an i sot ropy, Huorescence amsotropy and 
other photoluminescence from or to spites of indeterminate multiplicity. 

of the polarization of fluorescence made according to the classic methods of Jablonski. Perrm. 
and Weber osee below for a fuller discussion). These two terms axe simply related 
mathematical !v and measure the same phenomenon, but normal i/.e the difference m light 

"'Polarized light" refers to Imearlv polarized light, which is ideally what is employed m 

toe art. However, as a practical matter elliptical!} -polarized light ma> also be used. 



2. Theoretical Considerations 

The principle of methods based on fluorescence polarization i anisotropy i is the observe, 
partial polarization of the emission of a fluorescent probe 'fluorophore' m solution when \ iewe. 
5 perpendicular to the beam used for polarized excitation. Through photoseleetion, excitation wit 

polarized light results in the selective absorption by only those fluorophore molecules which are 
appropriately oriented relative to the direction of the exciting beam. Further, if the selected 
absorbing fluorescent molecules are fixed and ordered in space, the polarization of the emitted 
light may be identical to that of the polarized excitation. However, other processes act to 
10 depolarize the emitted light. These processes include rotational diffusion and proximity- 
dependent quench mechanisms such as resonance energy transfer which act to reduce the 
fluorescence lifetime of the fluorophore. In turn, the degree of polarization will be inversely 
proportional *o not onlv the speed of rotational diffusion or tumbling of the excited fluorophorcs 
m solution but also to the efficiercv o: erergv trarster when, it occurs. 

15 

The theorv of fluorescence polarization ( anisotropy ) is well known (Lakowicz ( 19S5 u 
Weber. G. t 1952) Biochem. J. 51. 1-5-155 *. In theory, the measurement of fluorescence 
polarization or anisotrorv, refers to two measurements ot the same phenomenon. Consider a 
sample that is excited with vertically polarized ught with detection of the emitted iignt 
y ■ ■ flu ^rescerce : . general Iv at longer w a\ eleugdi. through a polarizer that is oriented parallel to the 

direction of the polarized excitation. This will provide a measure of I , or the intensity of 
verticailv polarized emission. If the polarizer is then oriented perpendicular to the direction oi 
the rolarized excitation. 1 . . the mte:>i:v of perpendicular:;* polarized light may be measured. 


Hence, polarization ■ P ) and anisotrop> i r 1 are defined b> the equation- 


P = 


-r 1^ 


i - :i. 


Polarization (P) and anisotropy m are readilv interchangeable in accordance with the equation 


20 2P 


3 - P. 


Although the parameters are interchangeable ar 
expressions such as the Perrm equation i 5 ) are much simpler in terms of anisotropy (rd and as 
result, we consider only anisotropy m hereinafter. 

r / r = i - - : ip > e ■ 

The absorption of a photon by a ground state fluorophore will result in its radiative 
transition to an excited state. The fluorophore will subsequently return to the ground or a 
metastable state with the dissipation or enercv. The de-e\c::ut;on or' the excited state can be 


i h 


10 


erYected by a number of competing processes which include fluorescence, radiationless 
lransit,ons involvin S the dissipation of energy as heat, energy transfer and even transitions to 
metastabie states. The lifetime of an excited state c is the average amount of time the 
fuerophore spends in the excited state prior to its return to the ground state. If fluorescence i> 
the only means for de-excitation, the lifetime of the excited state is referred to as the intrinsic 


lifetime C .„>. Typically, the intrinsic lifetime of a molecule in the excited state vanes 


inverse. 1 . 


with the integrated area of its absorption band and is on the order of 10" to 10"' seconds. 
However, since a molecule may de-excite by a number of competing pathways, the observed 
lifetime <t> is always smaller than (-,). 

Energy transfer often occurs by a dipole-dipole interaction (Forster. T. ( 1948) Ann. Ph.v 
2. 55-75 .. The rate of Forster energy transfer f K T ) is a function of the distance between the 
centers of the dipoie oscillators of the donor ( D . and acceptor < R the refractive index of the 
medium ( rp. the overlap integral ; J. of the fluorescence spectrum of the donor (Di and the 
absorption spectrum of the accentor (A); the rate of emission of the donor (D. in the absence of 
acceptor i At (Ao and the relative orientation of the electric dipoie oscillators ( k : >: 

^: - S.7 x 10'' ir'-J K" rp /._.) sec". ,5, 


7 he rate of Forster energy transfer may be simply expressed in terms of the Forster 
distance >R 1 and the lifetime of the donor f rO: 


K r = 1 7., :R-K 


where R is the critical distance. The critical distance iRj is defined as the distance between the 
donor and acceptor at which the rate of dipoie-dipole or resonance energy transfer equals the rate 
of fluorescence emission. From this equation, it is evident that the rate of energy tran>fer will 
tall ort sharply with increasing distance between the donor and acceptor. 

In the Perrm equation ( 5 >. r is the actual or observed anisotropv; r„ is the limiting 
anisotropy or the anisotropv one would observe in the absence of any depolarizing pn ve^e- such 
as rotational diffusion; ~ is the fluorescence lifetime and (J) is the rotational correlation time. It is 
evident from this equation that the actual anisotropv of the sample will be inverselv proportional 
to the fluorescence lifetime. It should also be apparent that if the rotational correlation time 
increases relative to the fluorescence lifetime, the difference between r and r 0 will decrease. For 
an example, consider the case where the rotational time is the same as the lifetime of the 
fluorescent label. Let's assume we haw a roughly spherical macromoleeule with a 30 kD 
molecular weight with a fluorescent label that is rigidly attached (e.g.. no segmental motion) 
giving a rotational relaxation time i cp i of 15 nsec. a fluorescence lifetime of 15 nsec and an r of 
0.4. Based on these parameters, one may expect to observe an anisotropv of 0.2. Now. if the 
quantum yield of the fluorescent label changes upon the reversible binding of a metal ion to the 
macromoleeule at a particular site, resulting in 50 L 7 quenching and a concomitant 50 r : reduction 


in me tiuorescence lifetime: the;; the amsotror\ or the me:al-hou 


■iO r. 


lacromoiecLiie w omu o 


0.1 . However, in a solution with only partial occupancy of binding sites with metal ions, the 
observed anisotropv m would refect contributions from the anisotropics of both the metal -free 
ir. i and "meiuilo" i r„ i forms of the macromoleeule. The fractional saturation of the sites with 
metal ions ; ho :^ a simrle function: 


K = 


R + 


i r - r. 


where R is the quantum yield ratio of the "metallo" to the metal-free forms i R = q.yq. ). 

1 he concentration of the metal ion can be simply determined from the law of mass action 
it both the fractional saturation and the affinity constant ( K D ) of the metal ion for the 
macromolecule are known. Simulated plots of amsotropy as a function of metal ion 
concentration for different degrees of quenching are shown in Figure 1. The pronounced 
asymmetry of the curves at higher degrees of quenching are due to the disproportionately small 
contribution of the more highly quenched bound forms to the total emission. Even though a 
higher degree of quenching results in an increased span of amsotropy between the free and bound 
terms, the true dynamic range of the measurement is little improved because the hishly quenched 
form is so dim. 


7 c.e above example presents an idealized case since it is likely that the fluoresce:;: label 
will exhibit some segmental motion independent of the macromolecule. Given that the 
tluorophore has a lifetime similar to the rotational time of the macromolecule. a significant rate 
due exieiu oi segmental motion would nkeiy ertect a much lower anisotropv as the rotational 

nanosecond Even o rV ' • — nrtk> o, 1( , r ^ v ^^r r,K,o < v w , ; ., „ , r , , . , . . „ ; 

the amsotropy would still be low, but under favorable conditions one mneht observe a usable 
increase in amsotropy if the lifetime was reduced. Unless the fluorescent label is attached by a 
linger arm containing se\eral bonds, the likelihood of segmental motion is difficult to predict. 


1^ 


However, it may be measured by time-resoived anisotropy or its frequencv-domam anaio^ 
differential polarized phase fluorometry. Note that if segmental motion can be conferred and 
controlled, it becomes possible to use labels with much shorter lifetimes than are necessarv with 
macro molecules having longer correlation times 


3. Macromolecules, Fluorescent Labels and Metal Ions 


Several embodiments of the present invention rely on the binding of metal ions to a 
variant of the enzyme, carbonic anhydrase II \ CA IK This zinc-containing metallo-enzyme < MW 
10 ~ 30 kD) normally catalyses the reversible reaction: 


CO : + H-O - HCO:" + H^ 


as well as the hydrolysis of esters and the hydration of aldeindes (Moratal, J., M.J. Martinez- 
Ferrer. A. Donaire, J. Castells. J. Salgado and H. Jimenez t 1991) J. Chem. Soc, Dalton Trans. 
3393-3399). For some time, we have exploited the selectivity, affinity and flexibility of this 
metallo-enzyme in transducing the concentration of metal ions as a change in fluorescence. 
Figure 2 depicts the selectivity of this enzyme :W divalent cations with other metailo-fluoresc; 
indicators and an :on se.ective electrode. Note that m comparison to the well -known Cs 11 
indicator Fura-2 iTsien. R.V. and T. Pozzan \ NS0>. in Me:/uh!s in Enzwi^e-^. \ ',. »/. 1~2: 
Bi<*me>nhranes P.;-; 5. S. Fleischer and B. Fleischer > Eds A Academic Press. New York, pp 33 
36: * and the newly developed heavy metal indicator BTCoN. CA II binds Zn : IF three to Ave 


ChdatGr - nitn ' otnacetate i NTA i exhibits binding affinity, at pH 10- sim.iar to that of the enzyme, 
.t is completely non-fluorescent and clearly less selective amongst transition metals than CA II. 
It is also of interest to note the greater dispersion in the binding constants of the divalent cation, 
Zn ' 11 K CJ ' 11 ' Co ! » • Nl ' " 1 and Mr. , II , with CA ll as compared to Fura-Z and BTC-5N. Bv 
comparison, the cadmium ion-selective electrode i Amman::. D.. W.E. Morf. P. Anker. P.C. 
Meier. E. Pret.sch and W. Simon . 19S3, Ion-Selective Electrode Rev. 5. 3-92. is clearly inferior 
in terms of its sensitivity and selectivity between the divalent cations. 

The use of wild type or variants of human carbonic anhydra.se II is taught as the best 
mode. Alternative embodiments within the scope of this invention include, but are not limited to 
other human carbonic anhydrase isozymes: carbonic anhydrases from other species such as cow 
and sp.nach: other metalloenzymes including alkaline phosphatases, leucine aminopeptidases. 
carboxy peptidases, laccases. azurins. and ureases from diverse species: other metailo-en/vmes 
for which inhibitor binding is metal-dependent or which bind metals exhibiting charge transfer d- 
d .^sorption banas. mutants and variants or the above enzymes: biological, biomimetic. organic 
and inorganic polymers: metal-b.nd.ng reagents, nucleic acids, polysaccharides, carbohydrates 
and nonbiological polymers are also anticipated as potentially useful by this disclosure. 

oe\c::h e::m.<u:me::t> of the present invention reiv on mc tiiKnoeeru iu:vN uan-Ai 

a/:r:oine. 4-chloro- T -suitohej' •>«''•'• >~ . ~ o,,,^.- v-,>- ... s , , ,. , 

'• '"" ul ' l ° L - ,L "^"--o.va-i._ 1 -diazoie-4-sulionamidc 

,ABD : F ' anJ nitrobenzoxadiazolyl. Alternative embodiments within the scope of this invention 
include, but are not h:m:ed to : ;, c roilowmg foreseen; labels: rluorescein isothioeyanate. 
r '" ,Va, " inc :0d0 " Ce: " I " :Jc - CY3 - - a.etamide and Green Foresee::: Protein. I: should be 



understood that many of the fluorescent labels commercially available < Huuglund. R.P. ( 1996; 
Handbook of Fluorescent Probes and Research Chemicals, 6"' Edition. Molecular Probes, 
Eugene. ORi, other fluorescent labels disclosed in the literature, as well as the intrinsic tyrosyi 
and tryptophans'! fluorescence of the protein, and phosphorescent labels are feasible and 
5 anticipated by this disclosure. 

Embodiments of the present invention include but are not limited to determining and 
quantity mg Zni II) and Cu< II ) metal ions in solution. Cot II >. Cd( II). Nk II >. Hgi II ). Fei II >. Mm II 1 
Pbi II) and other metal ions which are known to bind to carbonic anhydrases. proteins and 
10 mucromolecules with greater or lesser affinity and which quench fluorescence themselves or 

promote the binding of inhibitors which quench the fluorescence and are also feasible and 
anticipated by this disclosure. 

Embodiments of the present invention include but are not limited to the following 
1 5 phetolumineseent ligand species: 4-aminosulfonyl: I -(4-N-t 5 -fluoresce my khioureido i butyl : ] 

be nz amide . A B D - F { 7 - tl u o robe n z - 2 ~ o x a- 1 . 3 - d l uz o le -4 - s u 1 to nam i de ) : [3 - M e rc up toe t h ano 1 A dd u c t 
dan syl amide, hydroxynapthalenesulphonanude. 2-(3 methoxy-4-ethoxyphenyh-4- 
c h 1 o roq u i n o 1 1 n e - 6 - s u 1 f o n amide. N - 1 - an t h r ac e n y 1 1 - 4 - s u 1 to n a m i d o - be n ze n e s u 1 fo n amide, e t h y 1 - 2 - 
i -->uifomimidophe:n i ■ -4 -h\ dro\\ qui "omie -o-cai :^o\> hue an J N -i N 4 igmtaiaimv 
c ■ amidoeth\ I * i-4-ummo-3.b-disulfo- i .8-narhthalim:de. 



4. Metal Ion Detection by Anisotropy L*sin<> a Photoluminescent Labeled 
Macromolecule 

The metal ions. N: - II 1 . Co< II . and Cut II < exhibit weak d-d absorbance bands which can 
undergo characteristic changes upon binding to a macromolecule i e.g.. CA II ) i Lindskog. S.. L.E. 
Henderson, K.K. Kan nan, A. Liljas. P.O. Nyman and B. Strandberg i 197*1 ) in The Enzymes, IW. 

5. r/.'/V-J Edition. P.D. Boyer (Ed.). Academic Press. New York, pp 5S7-665). Such absorbing 
species can serve as energy transfer acceptors (A - tor a fluorescent donor ( D) with suitable 
position, orientation, and spectral o\erlap. and thus may transduce their binding by the 
macromoiecuie as a change in the fluorescence intensity, lifetime or anisoiropy of die donor iD-. 
The transduction scheme for anisotropy metal ion detection based on fluorescence energy transrer 
or an alternative proximity quenching mechanism is depicted in Figure 3, wherein the divalent 
metal ion (M : "i acts as the energy transfer acceptor < A ,- and the fluor acts as the fluorescent 
cnercw donor i D ■. While the results with this method are consistent with the theory of resonance 
enercy transfer i Forster :9-±S o. this does not preclude the existence and contribution by other 
proximity-dependent quenckmg processes. Other metals that do no: absorb light but bind to toe 
macromolecule may also be transduced in this manner. Such assays are well known in the art. 

In the case of homogeneous eiierew transfer-based transduction, binding of the metal urn 
results m quenching, with a commensurate reduction m quantum yield. Again, assuming suitable 
posmon. orientation, and spectral overlap between the D and A. a significant reduction in 
lifetime may be achieved with a corresponding!} reduced quantum yield. When energy transfer 
is \erv efficient, the quenched fern: would contribute \er> little to total emission except near 



transfer in the bound form is very modest, the Ii retime change and [here fore the change in 
anisotropy will be small as well and more difficult to quantitate. Qualitatively this suet^ests that 
t he re is some suitable middle ground of energy transfer efficiency that will result in an optimal 
response (Thompson et ah. \99h c By using site-directed mutant-, of CA II in the present 
5 invention, we are able to adjust the position of a fluorescent label at particular sues on the 

exterior ot CA II. providing an optimal response for a homogeneous assav as compared to what 
we would have been able to achieve with nonspecific labeling approaches. Specifically we used 
site-directed mutagenesis to create CA II variants with cysteine residues at desired points for 
selective deri vatization with suitable labels. Desirable positions for the donor with respect to the 
10 acceptor may be predicted based on the Fdrster theorv described above. 

Studies have been performed in our laboratory using fluorescent labeled site-directed 
mutants ,^f ap>> CA II to recognize the binding of Cu II . Co ,11). Cd <1K Hg di e \i < II) and Zn 
ill' to the active site. Binding is transduced as a change in fluorescence lifetime or amsotropv 

15 due to proximity-dependent ci\cnc:::n\z by Former or other mechanisms. The binding of Co til) to 

a CY-3 labeled apo-N67C variant of CA II resulted in a drop in the mean lifetime of CY-3 bv 
approximately 60 c c. If the lifetime change is measured by phase fluorometrv. the measured 
phase angle and modulation at some suitable frequency uili be a single-valued function of the 
fractional occupancy or 'the binding >ite> w r.ich ma\ in turn be m::.;c ; elated u toe meta. ion 

0 concentration of the solution -L'.S. Patent Apr!. 0SC3o^(U'. For a short-lifetime probe such as 
CY-3 with a mean lifetime of approximately 1.6 nsec, attached to a 30 kD CA II molecule 
(rotational correlation time = 13 nsec iChem R.F. and J.C. Kemohan < I9b"» J. Biol. Chen:. 242, 
5-S 1 3-5823 •. a reduction :n lifetime will result m a negligible increase ;n am<otrop\. In contrast. 

24 


10 


a label with a longer lifetime will show a significant increase in anisotropy provided: < 1 1 its 
liretime approximates the rotational correlation time of CA II; and (2) it is quenched bv a 
proximity or energy transfer dependent mechanism. Of course, other metal-label interactions ca 
conceivably result in an increase in lifetime, and a concomitant decrease in polarization. Hence, 
by using an array of site-directed cysteine variants of the wild-type protein and assorted thiol- 
speciric fluorescent labels, suitable combinations were found which would exhibit specific, 
metal-dependent changes in fluorescence polarization. Significant changes in anisotropy and 
intensity were found when dansyiazindme labeled variants of CA II were used to detect Cu ill- 
when 4-chloro-7-suIfobenzofurazan fSBFt labeled variants of CA n were used to detect Zn (EF; 
when 7-fluorobenz-2-oxa-l,3-diazoIe-4-sulfonamide (ABD-F) labeled variants of H64C of CA II 
were used to detect Zn (II). 


5. Metal Ion Detection by Anisotropy Using a Photoluminescent Ligand 

The selective binding of a photoluminescent ligand to a CA IFmetai ion complex is used 
to transduce the concentration of metal ions. This method exploits the change m anisotropy of a 
photoluminescent ligand between its free and enzyme-bound states. For example, consider a 
photoluminescent ligand that does not bind to apo-CA II and due to its low ,0. 1 nsec) rotational 
correlation time e\him:> hme - •« no anis^mnn in contrast, uneu a metai hinds t- ■ me ac ' . \ e j 
ol me enzyme, the ligand binding is enhanced and its anisotropy increases due to the slower 
rotation (correlation time of approximately 15 nsec^ of the CA IT molecule. Amsotropv will 
theretore be proportional to [he fractional occupancy of the metal binding sites of CA II bv the 
me:ai ion, which m turn is proportional to its concentration in solution. However, one drawback 


of this approach is that it requires both the ligand concentration and the concentration of CA II u 
be at or near the indicator K D . tor optimal sensitivity. The transduction scheme for this method 
of metal ion detection using anisotropy is depicted in Figure 4 and was described in detail by 
Elbaum et a!, i h^fv (Elbaum, D.. S.. Nair. M. Patchan. R. Thompson and D. Christiansen 
i b' ,} o J. Am. Chem. Soc. 118. S3S I -83S7 i. 

Examples 

The following examples are provided for illustrative purposes only, and are not intended 
to limit the scope of the present invention. All CA II variants and wild types were provided as a 
generous gift from Professor Carol Fierke. Department of Biochemistry. Duke University 
Medical Center, Durham. NC. 

1. Anisotropy Determination of ZinciII) in Solution with apo-L198C V ariant of CA II- 
SBF Conjugate 

The principle of energv transfer biosensing of a metal ion i Zmllo without a separate 
inhibitor by measuring changes in fluorescence anisotropy is demonstrated. The recombinant 
hernia;; ^aibwiii^ aidudrase II variant. Lis^L was produced by site-directed mutagenesis. 
e\n esse J m r^^r/wru riui o m > t : cU : ; o L_ i l.ull e ana p u i meu as pre ;ou > t y j-^.^i iOCvi ■ K re : > > cl 
al.. 1 00 3 ». the leucine at position l^S being replaced with a cysteine. The reactive cysteine 
residue of LC19SC was conjugated with 4-chloro-^-sulfohenzofurazan <SBF> iFiuka. 
Ron k on o ma, NV; Cat. No. 26 3^5 *. SBF is w ater soluble and highly specific for thiol groups m 
aqueous media > Andrews. J.. P. Ghosh. B. Ternal and M. W'hitehouse ■; Arch. Biochem. 


Biophys. 214. 386-39bi. Prior to conjugation. L19SC was dialyzed overnight into 1 \[ tris. pH 
8.6 and then reacted with dithiothreitol i DTT) for 4 hours. SBF in tris. P H 8.6 was then added at 
2 times the total thiol content of the solution. The reaction solution was then allowed to incubate 
for one hour at room temperature in the dark with stirring. The reaction was stopped by the 
addition of ten-fold molar e\ces> of P-mercaptoethanol o\er the molar content of SBF. 
L'nreacted SBF was removed by gel riltraion using a PD10 column (Pharmacia Biotech. I'prs-ia. 
Sweden: Cat. No. 5 1-5 107-00-AB i. Zinc was removed from the conjugated L19SC-SBF bv 
treatment with aqueous dipicolinate as previously described (Hunt. J.B.. M.-J. Rhee and C.B. 
Storm ( 1977i Anal. Biochem. 79. 614-617). Subsequent contamination of apo-L198C with metal 
ions was minimized by storage in metal-free plastic tubes and using buffers pretreated with a 
chelating resin. L 198C-SBF was dialyzed overnight into 50 mM Na HEPES buffer. pH 7.3. 150 
m.M sodium sulfate. 


Fluorescence anisotropics were measured on an SLM SOOOc steady-state fluorometer with 
a xenon lamp for excitation through the courtesy of J.R. Lakowicz and the Center for 
Fluorescence Spectroscopy. Department of Biological Chemistry. University of Mary land at 
Edkur.crc. Baltimore. MD. Re.por.se to Zn.E. was calibrated in 50 niM Na HEPES buffer pH 
--3. loo niM sodium sulfate witn varying concentrations of zinc sulfate by fluorescence intensity 

n Lin om e'er slit^ P i^urt* ^ s^o^< i-ipr^ tu^ r.,!.^;,.., n,, ■ , , „ - ■ < - 

■ 1 1 t» ult: - ^tLn isuiu^ iiuui^>^o:^c iii.enMLics ana :nc an:>otrorMes at 


4S0 nm for 5 uM apo-L I 9SC-SBF as a function of Znt II > concentrati 


on. 


2. Anisotropy Determination of Coppen II > in Solution with apo-VI43C V ariant of C \ 
II-Dansylaziridine Conjugate 

The principle of energy transfer biosen.sing of a metal ion i Cm II. • without a separate 
inhibitor by measuring change, in fluorescence anisotropy is demonstrated. Variants of 
recombinant human carbonic anhydrase II , V1430 were produced as described above. The 
reactive cysteine residue of VI43C was conjugated with dansylaziridine (Molecular Probe,. 
Eugene. OR: Cat. No. D-I5K Conjugation was accomplished by treatment with fifty-fold molar 

excess of dansylaziridine over carbonic anhvripise a r nH s> -> f,„. r v,,.,., u ... ... . f 

_. a. nuui> at loom temperature 

in the dark with stirring The reirihw .rKimnn^iK,^., „m:.:... 

. ...^^^ ^, cumuli ui len-ioiu moiar excess or [3- 

mercaptoethanol over the molar concentration of dansylaziridine; unconjugated dansylaziridine 
was removed by gel filtration. This technique is a modification of the procedure described bv 
Pikuleva et. al. , 1991 , (Pskuleva. I.. I. Turko. T. Adamovich and V. Chashchin < 1991 ) Mol. 
Immunol. 28.31.-318.. Zinc was removed from the derivati.ed enzyme by treatment with 
aqueous dipieolinate as described above. All subsequent handling and storage of the enzyme was 

in plastic, and buffers treated with chelating resin to prevent unwanted metal ion contamination. 

The labeling efficiency was determined by absorbance using the known visible extinction 

coefficient of dansylaziridine iHaugland . 199t»> together with a Bradford protein. ass<iv , P:cr , e . 

R.vkford. ILi Cat. No : human carbonic anhvdrase .'I as a standard 


In view of the we;! knrwn cocaines in preparing solutions with accurate and 
reproducible low free metal ,on concentrations, a series of metal ion buffers were prepared K: ; ; 
Ci: II . mtrilotriucetic acid NTA and MOPS. NT.\ has , r ^:..::-.v:y high :: ;•;.-. for Cu ■ II 
neutral pH. and consequently a verv high proportion or added Cu i II » :! ; he bound bv the NTA: 



variations in the free Cu i II) concentration due to binding by other ligands or contamination tVom 
other sources are counteracted by the release or uptake of Cu i IF by the NTA. thereby buffering 
the metal ion concentration. The concentration of Cu ill) unbound at a particular pH is readily 
calculable from the known stability constants or the NTA and the pKaN of NTA's lonizabie 
5 groups ( Smith. R. and A.E. Marteil ( 1973 ) National Institute of Standards and Technology, I'.S 

Depanment of Commerce. Gaithersburg. MDl Free Cu (II > was buffered with 5 - 15 mM NTA. 
P H at 7.0 with 10 mM MOPS. 

Absorbance spectra were recorded usmg a Hewlett/Packard 6452A spectrophotometer. 

10 Anisotropics were obtained as abo\ e with excitation at 335 nanometers and emission at 450 

nanometers with 8 nanometer slits. Figure 6 shows the relative fluorescence intensities and the 
anisotropics for 500 nM apo-V 1 43C-dansylazindmc as a function of Cut II ) concentration. When 
Cui II 1 is present in the active site of C A II. it will be in close proximity to the label, 
dansylaziridme. Due to the ov erlap in the emission wavelengths of dansylaziridine and the 

15 wavelenghts of Cu. II) absorption, energv transfer between the label and CmTI) occurs such that 

the intensity and lifetime of dansylaziridine are diminished. 

3. Anisotropy Determination of Zinc (II) in Solution with apo-HMC (A II-ABD-F 
Conjugate 

Two milligrams of a variant for::: of human apo-carbomc anhydrase II with the histidimd 
residue at position 64 substituted with cysteine < H64C CA II » was conjugated with ten-hud molar 
excess ^-tluorobenz-: oxa-l.e-dia/ole-^-sulfonamide > ABD-F > Aloiecuhir Probes. Eugene. OR. 
Cat. No. F-6053: CAS Registry No. - : 3'^-'?5 . ; [:: y;,o m \\ borate pH AO. 1.0 M NaCI at room 


temperature tor 4-6 hours. The conjugate was isolated b> centrifugal dialysis. Fluorescence 
amsotropy was measured on a Spectronics AB-2 fluorimeter with excitation at 390 nanometers 
and emission at 500 nanometers with S nanometer slits. Solutions for calibration having low tree 
z:nc concentrations were prepared as described above using NT A as a metal ,on buffer. pH at ".0 
with MOPS. Zinc was determined by mixing 1.5 M molar H64C CA-ABD-F with the sample in 
aqueous solution and measuring intensity and amsotropy. Figure 7 shows the relative 
fluorescence intensities and the anisotropics for apo-H64C-ABD-F as a function of ZmH.i 


concentration. 


.-v.isoii upv determination ot Zinc (11) in Solution with Wild Tvpe apo-CA II-ABD- 
F: P-Mercaptoethanol Adduct i ABD-M) 


ABD-F (2 mg) was coupled with beta-mercaptoethanol (five-fold molar excess) in 
dime'hylformarmde i DMFi (AUrich: Cat. No. :7.054O for tour hours at 3- C. yielding a 
yellow compound which fluoresced a bright greenish yellow in methanol-water mixture (see J.L. 
Andrews et al. , 1982) for details on a similar compound). The estimated extinction coefficient of 
the ABD-F:mercaptoethunol adduct i ABD-M ) was 14.000 M' : cm ; near neutral pH in water. 
Zinc was removed from human carbonic anhydrase II as Ascribed above. The anisotropy and 
intensity response to Zni IT was calibrated by mixing 2 micromolar ABD-M with 2.5 micromolar 
human apo-carbomc anh;.drase 11 a; 3u C. ir. a P H 20. 1-mMMuPS 15 niM niiniotriac 
ac:a >N1 A) butler with differing amounts of zinc sulfate added. As above, the NT A serves to 
buffer the zinc ion concentration in a method well known to the an such that very low 
concentrations or free .rinc ion in the solution may be reproducibiy prepared. Fluorescence 
am,o;ropy was measure on a Srcctror.ics AB-2 tluonmeter with excitation a: 590 nanometer. 



and emission at 500 nanometers with 8 nanometer slits, and emission intensity at 4b0 nanometers 
with the same slits. Figure 8 shows the relative fluorescence intensities and the anisotropics for 
ABD-F:P-Mercaptoethanol Adduct l\BD-Mj and wild type apo-CA H as a function of Zn( IF 
concentration. 

5. Anisotropy Determination of Zinc(II) in Solution Using CA II and a Fluorescein- 
Based Arylsulfonamide Ligand 

The principle of biosensing of a metal ion Zni II) which does not depend on metal- 
dependent changes in the fluorescence spectra of rht* label are demonstrated by iucasunng the 
fluorescence anisotropv of a fluorescein-based arylsulfonamide probe. In the free state, the probe 
has a low rotational correlation time and exhibits a low anisotropy. When bound to a metallo- 
CA II complex, anisotropy increases due to the slower rotational correlation time of the CA II 
molecule. 

Reagents were prepared as previously described f. Elbaum et al. < 1996o. Fluorescence 
anisotropics were measured on an SLM SOOOc steady state fluorometer with a xenon lamp for 
excitation. Excitation was at 48 S nm: emission was detected at 520 nm and a KVpOO emission 
filter. Blank spectra indicated negligible background fluorescence and no apparent scattered 
excitation. L'ncer these conditions, the accuracy and precision of the anisotropy measurements 
were - 0.003 or better. From equation iS>. the fraction of the fluorescence inhibitor bound is a 
simple function of the anisotropics of the free and bound states, the ratio of their quantum yields, 
and the measured ur.:sotrop\ at some intermediate sap u.m ~ The apparent quantum yield 
chanced nec:ig:m\ upon bmdme to CA II. In contrast to the above examples, recombinant wild- 



type CA II wis used instead of a site-directed mutant. Aro-CA II was prepared essentially a 

described above. The fluorescence anisotropy of 1 u\l fluorescent inhibitor as a function of 

Zni n > concentration in the absence and presence of I uM apo-CA 11 is depicted m Figure 9. 
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